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ABSTRACT
Clusters of galaxies are outstanding laboratories for understanding the physics of supermassive black
hole feedback. Here, we present the first Chandra, Karl G. Janksy Very Large Array and Hubble Space
Telescope analysis of MACS J1447.4+0827 (z = 0.3755), one of the strongest cool core clusters known,
in which extreme feedback from its central supermassive black hole is needed to prevent the hot in-
tracluster gas from cooling. Using this multiwavelength approach, including 70 ks of Chandra X-ray
observations, we detect the presence of collimated jetted-outflows that coincides with a southern and a
northern X-ray cavity. The total mechanical power associated with these outflows (Pcav ≈ 6×1044 erg
s−1) is roughly consistent with the energy required to prevent catastrophic cooling of the hot intraclus-
ter gas (Lcool = 1.71± 0.01× 1045 erg s−1 for tcool = 7.7 Gyrs); implying that powerful supermassive
black hole feedback has been in place several Giga-years ago in MACS J1447.7+0827. In addition, we
detect the presence of a radio mini-halo that extends over 300 kpc in diameter (P1.4GHz = 3.0±0.3×1024
W Hz−1). The X-ray observations also reveal a ∼ 20 kpc plume-like structure that coincides with opti-
cal dusty filaments that surround the central galaxy. Overall, this study demonstrates that the various
physical phenomena occurring in the most nearby clusters of galaxies are also occurring in their more
distant analogues.
Keywords: Galaxies: clusters: individual (MACS J1447.4+0827) — X-rays: galaxies: clusters — black
hole physics — galaxies: jets
1. INTRODUCTION
Clusters of galaxies are the largest gravitationally
bound structures in the Universe. They are primarily
composed of dark matter and an intracluster medium
(ICM). They also contain hundreds to thousands of
galaxies, including some of the most massive galaxies
in the universe. At the center, a giant galaxy usu-
ally stands out, known as the Brightest Cluster Galaxy
(BCG). The BCG is generally an elliptical galaxy host-
ing, at its center, a supermassive black hole (SMBH)
∗ Email: myriampe@astro.umontreal.ca
that can generate powerful outflows jets (e.g. McConnell
et al. 2011).
We generally classify clusters into two categories based
on the spatial distribution of the hot ICM: cool core
clusters, where the X-ray surface brightness distribution
peaks steeply towards the center and the temperature
drops abruptly in the core by a factor of ∼ 2-3, and
non-cool core clusters in which the X-ray surface bright-
ness distribution is less peaked and more uniform. In the
centers of cool core clusters, the optically thin, almost
completely ionized ICM has a radiative cooling time that
is remarkably short ( 109 yr; e.g. Voigt & Fabian
2004; Peterson & Fabian 2006; Hlavacek-Larrondo et al.
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Figure 1. Left – Cleaned, exposure-corrected and background subtracted 0.5 – 7 keV Chandra image of MACS J1447.4 +
0827. The total exposure time is 76.3 ks and the image has been smoothed with a σ = 2 gaussian function. We highlighted the
position of two X-ray cavities, although they are not visible in the raw image, for reference (see Section 3 for evidence of their
existence). The location of the BCG is also shown. Right – Same-scale HST ACS/WFC F814W image centered on the BCG.
2012b). Left to its own devices, this gas would be fore-
casted to cool and form stars at rates of several hun-
dred to thousands of solar masses per year (e.g. Fabian
1994). However, the ICM is not cooling as fast as pre-
dicted and therefore the observed star formation rates
are much lower than expected (e.g. Johnstone et al.
1987; Nulsen et al. 1987; O’Dea et al. 2008; Rafferty
et al. 2008; Gaspari et al. 2013a; McDonald et al. 2018).
This discrepancy is likely due to the Active Galac-
tic Nucleus (AGN) located at the center of the BCG
through a mechanism known as AGN feedback. Ac-
cording to this mechanism, the AGN inflates cavities (or
bubbles) in the ICM, detectable using X-ray emission,
through relativistic jetted outflows visible at radio wave-
lengths. The exact mechanism that reheats uniformly
the ICM is not yet known, although shock, sound waves
and turbulent heating are likely part of the process (e.g.
Birzan et al. 2004, 2008; Dunn & Fabian 2006, 2008;
Nulsen et al. 2009; Cavagnolo et al. 2010; Dong et al.
2010; Hlavacek-Larrondo et al. 2012b; Zhuravleva et al.
2014, 2016, 2018).
The goal of this paper is to better understand these
AGN processes by targetting one of the most massive
and strongest cool core clusters known, in which feed-
back must be operating in an extreme level to offset
cooling. The MAssive Cluster Survey (MACS) consists
of a sample of about 120 very X-ray luminous clusters
located at a redshift between 0.3 and 0.7 (e.g. Ebeling
et al. 2001, 2007, 2010). The clusters have been se-
lected from the ROSAT All-Sky Survey and were spec-
troscopically confirmed. The MACS survey has allowed
the discovery of new massive clusters at z > 0.3 and
thus improved the ability to study their evolution as
well as the physical and cosmological parameters driving
them. MACS clusters have also been the focus of several
gravitational lensing surveys (e.g. MACS J0416.1-2403,
Kaurov et al. 2019; MACS J0717.5+3745, Zitrin et al.
2009; Jauzac et al. 2012; Limousin et al. 2012; MACS
J1149.5+2223, Smith et al. 2009; MACS J0416.1-2403,
Chiriv et al. 2018; Weighing the Giants program, von der
Linden et al. 2014; Applegate et al. 2014, 2016).
In this paper, we present a multiwavelength study of
MACS J1447.4+0827 (z = 0.3755), one of the strongest
and most X-ray luminous cool core clusters in the MACS
survey, similar to well-studied systems such as RBS 797
(e.g. Schindler et al. 2001; De Filippis et al. 2002; Jet-
zer et al. 2002; Castillo-Morales & Schindler 2003; Gitti
et al. 2006), MACS J1931.8-2634 (e.g. Ehlert et al.
2011; Santos et al. 2016), IRAS 09104+4109 (e.g. Klein-
mann et al. 1988; Hines & Wills 1993; Fabian 1999;
Franceschini et al. 2000; Iwasawa et al. 2001; Picon-
celli et al. 2007; Vignali et al. 2011; Farrah et al. 2016)
and RX J1532.9+3021 (e.g. Hlavacek-Larrondo et al.
2013b; Gupta et al. 2016). Here, we present the first
detailed study of this cluster. This paper is based on
new Chandra X-ray Observatory and Karl G. Janksy
Very Large Array (JVLA) observations of the source
and focuses on understanding its feedback properties.
Richard-Laferrie`re et al. (submitted) recently presented
the radio mini-halo properties of this cluster.
Section 2 introduces the X-ray, radio and optical ob-
servations and the data reduction and processing. Sec-
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Figure 2. Left – HST ACS/WFC F814W image centered on the BCG, same as the right panel of Fig. 1. The BCG has been
circled by a green ellipse and the plume structure by a magenta ellipse. Middle – Soft 0.5 – 1 keV Chandra image of MACS
J1447.4+0827. The image has been smoothed with a σ = 2 gaussian function, and this is the kernel that best highlights the
feature. The plume-like structure is indicated by the same magenta ellipse. Right – Same-scale hard 3 – 8 keV Chandra image,
where the AGN location is indicated. The image has been smoothed with a σ = 2 gaussian function.
tion 3 presents the X-ray imaging analysis of the cluster.
Section 4 presents a detailed X-ray spectral analysis of
the thermodynamic properties of MACS J1447.4+0827.
In Section 5, we present the radio analysis of the cluster.
In Section 6, we highlight the properties of the central
AGN. Finally, in Section 7, we discuss our results and
their implications.
We use H0 = 70 km s
−1 Mpc−1, Ωm = 0.3 and ΩΛ =
0.7 as values of the cosmological parameters, and z =
0.3755 as the cluster redshift (1” = 5.157 kpc; Ebeling
et al. 2010). Errors are 1σ (68.3%) throughout the paper
(unless mentioned).
2. OBSERVATIONS AND DATA REDUCTION
2.1. X-rays: Chandra observations
The Chandra Advanced CCD Imaging Spectrometer
(ACIS) in VFAINT mode was used to observe MACS
J1447.4+0827 three times: first in 2008, centered on the
ACIS-S3 back-illuminated chip (12 ks; ObsID 10481; PI
Hicks) and then twice in 2016, centered on the ACIS-I3
front-illuminated chip (43 ks; ObsID 17233 and 25 ks;
ObsID 18825; PI Hlavacek-Larrondo). These observa-
tions are presented in Table 1.
Table 1. Chandra observations.
Observation number Date Detector Exposure [ks]
10481 12/14/2008 ACIS-S 11.1
17233 04/05/2016 ACIS-I 41.0
18825 04/06/2016 ACIS-I 24.2
Starting from the event 1 file, the ObsIDs were
cleaned, processed and calibrated using the CIAO soft-
ware (CIAO v4.10 and CALDB v4.7.8). After repro-
cessing the data with the chandra repro routine, we
excluded 9 point sources by eye using ds9 and we re-
moved flares with deflare with lc clean and a 3σ
threshold. The net exposure times are presented in
Table 1.
Background event files, background images and
background-subtracted images were generated using
blanksky and blanksky image. Finally, the tool
merge obs was applied to the observations to merge
the event files, which created a final exposure-corrected
image. The cleaned, merged, background subtracted
and exposure-corrected Chandra image is presented in
the left panel of Fig. 1. We note that we also computed
several of the cluster properties using a background
region far from the cluster on the ACIS-I chips and ob-
tained consistent results with the blanksky background
event files.
XSPEC (v12.10.0c) was used to analyze spectroscop-
ically the X-ray observations of MACS J1447.4+0827.
Throughout this study, we used the Anders & Grevesse
(1989) abundance ratios and the Kalberla et al. (2005)
value of the Galactic absorption (nh = 0.0224 × 1022
cm−2). We verified this value by picking a certain re-
gion located between 50 kpc and 200 kpc from the center
– in which there is no emission (e.g. from the AGN) –
and fitting an absorbed apec plasma model to the spec-
trum in the 0.5 – 7 keV energy range while letting the
Galactic absorption, temperature, abundance and nor-
malization parameters free to vary. We obtained results
consistent with the Kalberla et al. (2005) value within
1σ.
The middle and right panels of Fig. 2 present the
soft 0.5 – 1 keV and hard 3 – 8 keV X-ray Chandra
images. The middle panel reveals a plume-like structure
that matches the western filaments of the BCG which
we discuss in Section 4.3. The right panel has a bright
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Table 2. JVLA Radio observations.
Date Frequency [GHz] Bandwidth [GHz] Configuration Duration [min] σrms [mJy/beam]
08/14/2015 1.5 1 A 180 0.011
05/25/2016 1.5 1 B 180 0.016
02/02/2016 1.5 1 C 180 0.015
point-like region in the center coincident with the BCG.
We interpret this feature as the central AGN and we
present its properties in Section 6.
2.2. Radio: JVLA observations
MACS J1447.4+0827 was also observed with the
JVLA at 1.4 GHz (L band; PI Hlavacek-Larrondo).
We present a summary of the data in Table 2. Con-
figurations A, B and C were obtained to maximize the
different scales detected: the A-configuration observa-
tions are of comparable resolution to Chandra, whereas
B- and C-configurations allow for better detection of
faint extended radio emission. The data were reduced
with the software CASA (v4.6). A more detailed de-
scription of the data reduction and imaging processes
are presented in Richard-Laferrie`re et al. (submitted).
The exposure-corrected and background-subtracted
0.5 – 7 keV Chandra image along with the 1.4 GHz
JVLA configurations A (left), B (middle) and C (right)
contours are shown in Fig. 3. The images respectively
have beam sizes of 0.9′′ × 1.1′′, 3.1′′ × 3.6′′ and 9.6′′ ×
12.5′′. The root-mean-square (rms) reached are shown
in Table 2.
The A-configuration contours reveal the presence of
a compact central AGN that coincides with the X-ray
point source seen in the right panel of Fig. 2 and located
at RA = 14h47m26.022s and DEC = +8◦28′25.26′′. It
also reveals the presence of north-south oriented jetted
outflows that will be analyzed in Section 6.3. Configura-
tions B and C reveal faint emission that extends out to
∼ 160 kpc of radius. This type of structure has already
been seen in other cool core clusters and we interpreted
it as a radio mini-halo (e.g. Mazzotta & Giacintucci
2008, Richard-Laferrie`re et al. submitted). We charac-
terize the properties of the mini-halo in Section 5.2
2.3. Optical: HST observations
The Hubble Space Telescope (HST) was used to pro-
vide optical images of MACS J1447.4+0827 (PI Ebel-
ing). We used two broad-band filters both using the
camera Wide Field Channel (WFC)/HRC: F606W (λ
= 5907 A˚; ∆λ = 2342 A˚) and F814W (λ = 8333 A˚;
∆λ = 2511 A˚). These filters contain the redshifted Hα
emission line (Hαλ6562) and highlight the filamentary
structure of the BCG. The right panel of Fig. 1 and the
left panel of 2 shows the F814W image taken with the
Advanced Camera for Surveys (ACS) WFC.
Fig. 4 shows the combined HST F814W (red
and blue) and F606W (green) images of MACS
J1447.4+0827. The BCG is surrounded by optically
bright filaments up to ∼ 25 kpc in size. We can denote
two prominent filaments: one oriented in the west-south
direction and the other in the west-north direction. We
analyze the properties of the filaments more in detail in
Section 7.2.
3. X-RAY IMAGING ANALYSIS OF THE CLUSTER
In the following sections, we present the methods used
in this study to highlight the X-ray cavities. Although
the cavities are not clearly visible in the raw image (see
Fig. 1), they must exist due to the presence of relativis-
tic outflows (see left panel of Fig. 3) that push gas. We
therefore applied a total of three different methods to
bring out these features.
3.1. Gaussian Gradient Magnitude
First, we applied a Gaussian Gradient Magnitude
(GGM) filter technique that has recently been applied
to astronomical X-ray datasets (Sanders et al. 2016).
Starting with the exposure-corrected, background-
subtracted image of MACS J1447.4+0827, we convolve
the image with the multi-directional gradient of a gaus-
sian using the scipy implementation1. This process
allows us to strategically resolve astrophysical phenom-
ena of different scale lengths by adjusting the gaussians
sigma value. Here, we have chosen a σ = 2 in order to
pick out structures corresponding to a 5 kpc scale. We
further applied a logarithmic scaling to highlight the
complicated substructure. We present the GGM Chan-
dra image in the left panel of Fig. 5. Unfortunately, we
do not detect any cavities with this technique, but this
image allows to see the variations in the cluster.
3.2. Unsharp-masked
We then subtracted a 2D gaussian smoothed image (σ
= 6 pixels) from a less smoothed image (σ = 1 pixel)
using fgauss and farith from CIAO. This unsharp-
masked image is presented in the middle panel of Fig. 5,
1 The implementation of our code can be found at https://
github.com/crhea93/AstronomyTools/tree/master/GGF
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Figure 3. Left – Background-subtracted and exposure-corrected 0.5 – 7 keV Chandra image (same as Fig. 1) with 1.4 GHz
JVLA contours of the configuration A observations. The contours are 4σrms = 0.044, 0.176, 0.704, 5 and 35 mJy/beam. The
beam is 0.9′′ × 1.1′′ and has a position angle from north to east of −7.73◦. The location of the northern and southern X-ray
cavities are indicated for reference (see Section 3 for evidence of their existence). Middle – Same as left, but with contours of
the configuration B observations. The contours are 4σrms = 0.064, 0.3, 1, 5 and 35 mJy/beam. The beam is 3.1
′′ × 3.6′′ and
has a position angle from north to east of −32.7◦. Right – Same as left, but with contours of the configuration C observations.
The contours go from 4σrms = 0.060, 0.3, 1, 5 and 39 mJy/beam. The beam is 9.6
′′× 12.5′′ and has a position angle from north
to east of −37.8◦.
where we can denote four cavity-like structures. In the
middle of this image, we can also see a brightest part – a
plume-like structure – that will be described in Section
4.3. We tested several smoothing and binning factors to
make the X-ray cavities as clear as possible.
3.3. Double-β model
To further test the presence of cavities, we used a
double-β model (e.g. Jones & Forman 1984; Vikhlinin
et al. 2005) to fit the X-ray surface brightness profile,
based on the following equation from Cavaliere & Fusco-
Femiano (1976):
S(r) = S01
(
1 +
(
r
rc1
)2)−3β1+0.5
+ S02
(
1 +
(
r
rc2
)2)−3β2+0.5
+ C.
(1)
Here, S0 is the central surface luminosity, rc is the
radius of the core, β is the slope and C is the constant
associated with the background.
To create the model, we initially divided a circular
region of 100 kpc from the center in 15 equal sectors,
and each section was separated in 40 radial ranges.
We then extracted the surface brightness of the radial
ranges from each sector with the tool dmextract from
CIAO. The double-β model was fitted to those regions,
which produced a brightness profile for every sector.
The model was created by assembling the 15 sectors by
smoothing over the sharp discontinuities at the edges
of the sectors using fgauss. Finally, we subtracted
the model image from the original image. We present
the results in the right panel of Fig. 5, in which we
added the contours of the JVLA A-configuration obser-
vations. Note that we varied the parameters (number
of regions, coordinates of the center and the number of
regions per sector) and obtained results consistent with
the unsharp-masked image in the previous sub-section.
Fig. 5 reveals northern and southern potential cavi-
ties, but also two potential ghost cavities, consisting
of cavities that have been dragging out of the AGN’s
area to larger radii. To test the presence of the north-
ern and southern cavities, we fitted the double-β model
along four regions and obtained surface brightness pro-
files in Fig. 6.The northern cavity is detected at 2σ and
the southern, at 1.7σ. These detections are statistically
weak compare to others clusters (an X-ray cavity surface
brightness is normally ∼ 20% below the ICM’s), but we
can still confirm the presence of two X-ray cavities due
to the presence of the relativistic outflows. We further
discuss this interesting feature in Section 7.2.
We note that the 1.4 GHz JVLA emission matches
the position of the northern potential cavity, but does
not match exactly the southern cavity. Located further
away from the AGN, ghost cavities are filled with ra-
dio emission with steeper spectrum as their relativistic
electrons content got older and are therefore less bright
at 1.4 GHz than the inner cavities. They are also more
difficult to see in the X-rays due to the decreasing bright-
ness as a function of the radius. The X-ray energetics of
the cavities will be presented in Section 6.3 and we fur-
ther discuss the presence of the potential ghost cavities
in Section 7.3.
4. X-RAY SPECTRAL ANALYSIS OF THE
CLUSTER
The following sections present the thermodynamic
profiles and maps of the cluster.
4.1. Thermodynamic profiles
6 Prasow-E´mond et al.
Figure 4. Combined HST F814W (red and blue) and F606W (green) images centered on the BCG of MACS J1447.4+0827.
The inset to the bottom-right is a zoom on the central part of the galaxy, focusing on the optical nucleus and shows the position
of the AGN as detected at 1.4 GHz based on the A-configuration JVLA observations.
To compute the thermodynamic profiles, we selected
nine elliptical regions of ∼ 6000 counts with a signal-to-
noise ratio of ∼ 75 centered on the central AGN from the
background-subtracted image. To determine the ellip-
ticity () of these regions, we manually traced elliptical
regions on the X-ray image on 10 contours smoothed
with a σ = 10 gaussian function. These regions encom-
pass all the X-ray emission up to a distance of ∼ 750 kpc
from the center and the ellipticity was defined as the av-
erage ( = 0.26) with a position angle consistent with 0◦.
Afterwards, thermodynamics quantities were extracted
with XSPEC and fitted with an apec and phabs mod-
els. The spectra were then deprojected with the tool
DSDEPROJ (Sanders & Fabian 2007) – a tool that depro-
jects the spectra onto 3D ellipsoidal shells 2. Note that
2 Details of the code can be found here: https://www-xray.ast.
cam.ac.uk/papers/dsdeproj/
we varied the number of counts in each region between
3000 and 8000 and obtained similar fits. The projected
and deprojected temperature, electron density, electron
pressure and abundance profiles are presented in Fig. 7.
We note that the temperature is higher near the center,
which is in agreement with the presence of an AGN. The
sudden temperature increase at ∼ 50 kpc and ∼ 300 kpc
can be explained by cold fronts.
Using the deprojected temperature and density pro-
files, we calculated the core entropy K0, based on the
following equation:
K = kT n−2/3e . (2)
Here, kT is the gas temperature and ne is the elec-
tron density. To calculate K0, we used the deprojected
central density of Fig. 7. The temperature is however
strongly influenced by the AGN, so we extrapolated it
using the relation T ∝ rb, where r is the radius and b ∼
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Figure 5. Left – Background-subtracted and exposure-corrected 0.5 – 7 keV Chandra image, same as Fig. 1, but with Gaussian
Gradient Magnitude (GGM) filter with σ = 2. This image allows us to better detect the complicated substructure. The spirals
are caused by point sources. Middle – Unsharp-masked Chandra image where a 2D gaussian image (σ = 6) was subtracted
from a less smoothed image (σ = 1; see Section 3.2). Different features are highlighted. The blue circle indicates the size of the
double-β image (right panel). Right – Smoothed image (2D gaussian with σ = 2), subtracted from a double-β model (see Section
3.3). X-ray cavities and potential X-ray ghost cavities are indicated. We added the 1.4 GHz JVLA contours in A-configuration,
same as Fig. 3.
Figure 6. Left – 0.5 – 7 keV Chandra image of MACS J1447.4+0827 with four sectors overplotted. The white dashed ellipses
denote the approximate location of the X-ray cavities. Right – Double-β fitted surface brightness profile along each sector. The
dashed lines denote the approximate position of the cavities.
0.3 (Voigt & Fabian 2004). We obtained a core entropy
of K0 = (12 ± 2) keV cm2. According to Cavagnolo
et al. (2008), this result is another confirmation that
MACS J1447.4+0827 is a very strong cool core cluster,
with K0 well under 30 keV cm
2, the threshold for cool
core clusters.
Similar as the steps described in this section, we ex-
tracted the X-ray luminosity of the 9 regions using XSPEC
in order to compute the cooling time profile. The model
clumin – that calculates X-ray luminosity between 0.01
and 50 keV – was used and the data were deprojected
using projct. The luminosity between 0.1 and 2.4 keV
was also calculated (see Table 3 for the values). The
cooling time arises from the following equation:
we
tcool =
5
2
1.9ne kT V
LX
, (3)
where ne is the electronic density, kT is the gas tem-
perature, V is the gas volume contained within an an-
nulus and LX is the gas X-ray luminosity. We de-
fine the cooling radius (Rcool) as the radius for which
the cooling time is equal to the z = 1 look-back time
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Figure 7. Projected (filled symbols) and deprojected (empty symbols) temperature (up-left), abundance (up-right), electron
density (down-left) and electron pressure (down-right) profiles using the method described in Section 4.1. Horizontal error
bars indicate the radial extent of the bins used for fitting. Since we here have a elliptical geometry, the radius is equal to the
semi-major axis.
(tcool = 7.7 Gyrs; represented by a dashed green hor-
izontal line in Fig. 8), same as Rafferty et al. (2006).
We define the cooling luminosity (Lcool) as the X-ray
luminosity contained within Rcool between 0.1 and 2.4
keV. We extracted the X-ray luminosity within an el-
lipsoid with a semi-major axis of a = Rcool and an el-
lipticity of  = 0.26. This gives us Rcool ≈ 133 kpc
and Lcool = (1.71 ± 0.01) × 1045 erg s−1 (see Table 3).
We further analyze the implications of those results in
Section 7.2.
In Fig. 8, we present the cooling time profile of 91
cool core clusters from the ACCEPT sample and of the
Phoenix cluster (McDonald et al. 2019), in which we
overplotted MACS J1447.4+0827 and the average tcool
profile for the SPT clusters (Sanders et al. 2018). Note
that we kept the ACCEPT tcool results, although they
might not be accurate (e.g. Panagoulia et al. 2014),
since they are frequently used in the literature and are
here used as background purpose only. We come to the
conclusion that MACS J1447.4+0827 is one of strongest
cool core clusters known. The central point is influenced
by the central AGN.
Furthermore, we added the model mkcflow based on
Mushotzky & Szymkowiak (1988) to calculate the mass
deposition rate (M˙cool) within the cooling radius Rcool.
We set the minimal temperature to 0.1 keV and the
maximal temperature and abundance to the apec pa-
rameters. We obtained a 3σ upper limit (see Table 3).
4.2. Thermodynamic maps
In order to investigate the temperature and metal
abundance distribution across the cluster, we gener-
ated thermodynamic maps using a technique mimick-
ing that of Kirkpatrick & McNamara (2015). We first
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Figure 8. Average cooling time profile for the SPT clusters
(Sanders et al. 2018) (blue circles) and cooling time pro-
files for 91 cool core clusters from the ACCEPT sample (red
dots) and for the Phoenix cluster (green circles; McDonald
et al. 2019), in which we overplotted the cooling time profile
of MACS J447.4+0827 (white circles; vertical error bars are
too small to be visible), extracted from the Chandra depro-
jected thermodynamics quantities (for 6000 counts regions).
Horizontal error bars indicate the radial extent of the bins
used for fitting. We added dashed horizontal lines at tcool =
3 Gyrs and 7.7 Gyrs for reference. Here, the cooling radius
is defined as the radius where tcool = 7.7 Gyrs, which equals
to ∼ 133 kpc.
Table 3. X-ray properties of MACS J1447.4+0827.
Values
LX−ray(0.01−50 keV) (5.31 ± 0.02) × 1045 erg s−1
LX−ray(0.1−2.4 keV) (1.24 ± 0.01) × 1045 erg s−1
Rcool ∼ 133 kpc
Lcool (1.71 ± 0.01) × 1045 erg s−1
M˙cool < 96 M yr−1
used a weighted Voronoi tessellation (WVT) algorithm
(Cappellari & Copin 2003; Diehl & Statler 2006) to
bin the 0.5 – 7 keV background-subtracted merged X-
ray image. The WVT algorithm bins the image into
similar signal-to-noise regions by first applying a bin
accretion algorithm to the pixels in the image. The
bin accretion map is then used as an initial guess for
the true WVT algorithm which minimizes a predeter-
mined scale length in order to more accurately group
the pixels. The final result is a geometrically unbiased
image of binned structures meeting a minimal signal-
to-noise requirement. This technique has been imple-
mented in python v3.6 by us and can be found at
https://github.com/crhea93/AstronomyTools under the
Weighted Voronoi Tessellations repository.
With our pixel-binning scheme determined by the
WVT algorithm, we must, for each individual obser-
vation, extract a spectrum corresponding to each bin.
Once extracted for each bin, we simultaneously fit the
three observations using XSPEC v12.10.1, Sherpa v1,
and python v3.5. Python provided the main wrapping
language, Sherpa enabled the use of well-developed fit-
ting algorithms, and XSPEC supplied the requisite as-
trophysical models: phabs and apec. Constraining the
redshift and column density, nH, to the previously men-
tioned values in Section 2, we allow the temperature,
metal abundance and normalization to be free. We em-
ploy the c-statistic determined by Sherpa in addi-
tion to the Nelder-Mead optimization algorithm. The
entire temperature and abundance fitting algorithm can
be found in its generalized form at https://github.com/
crhea93/AstronomyTools under the Temperature Map
Pipeline repository.
The large-scale (signal-to-noise ratio of 50) and small-
scale (signal-to-noise ratio of 40) temperature and abun-
dance maps are presented in Fig. 9. We note that the
temperature drops abruptly at the center by a factor of
∼ 3, which is consistent with a cool core. Those maps are
also coherent with the thermodynamic profiles presented
in Fig. 7: we observe the same drop in temperature at
the center and a similar abundance distribution.
4.3. Characterization of the plume-like structure
As shown in the middle panel of Fig. 2, the soft X-
ray image reveals an extension of soft X-ray emission
offset from the central AGN. It consists of a 2.8′′ × 3.1′′
plume-like structure centered at RA = 14h47m25.825s
and DEC = +8◦28′24.46′′ that encompasses some of the
optical filaments of the HST image. We extracted the
abundance and temperature of the plume using phabs
and apec. We obtained Tplume = (4.8 ± 0.2) keV and
Zplume = (0.33 ± 0.06) Z. We also extracted a re-
gion surrounding the plume and obtained Tenv = (5.8
± 0.2) keV and Zenv = (0.30 ± 0.04) Z. We note that
the plume is statistically colder than the surrounding
medium. The colder region of the temperature map in
Fig. 9 also corresponds with the plume-like structure.
A more detailed description of the plume-like struc-
ture and its implications will be discussed in the Section
7.3.
5. RADIO ANALYSIS OF THE CLUSTER
In Fig. 3, the JVLA A-configuration observations
(left panel) reveal south-north oriented jetted outflows,
where each lobe extends to ∼ 32 kpc in length, while
B- and C-configuration observations (middle and right
panels) reveal a diffuse radio structure extending to ∼
10 Prasow-E´mond et al.
Figure 9. Large-scale temperature and abundance maps
with a signal-to-noise ratio of 50. The insets are small-scale
maps centered on the central regions with a signal-to-noise
ratio of 40. The black regions signify a bin in which the fit
failed to converge. Mean errors are 0.1 keV for the temper-
ature and 0.05 Z for the abundance.
160 kpc in size. In the following sections, we analyze
these structures.
5.1. Characterization of the relativistic jetted outflows
We extracted the flux of the central radio AGN and
its jetted outflows, using the 4σrms contours of the A-
configuration observations and CASA. We extracted the
flux using the tool imstat and estimated the error fol-
lowing Cassano et al. (2013):
σS =
√
(σcalS)2 + (rms
√
Nbeam)2 + σ2sub, (4)
where S is the flux, σcal is the percentage of the flux
outside of the extraction region, rms is the image noise,
Nbeam is the number of beams in the region and σsub is
the flux of point sources in the region. Here, we used
σcal ∼ 0% (all the flux is contained in the extracted
region), rms = 0.011 mJy/beam and σsub = 0 (there are
no point sources).
The radio power can be calculated using the following
equation:
P = 4piSD2L(1 + z)
−(α+1), (5)
where DL is the luminosity distance and α is the
spectral index, that characterizes the dependence of the
spectra energy density Sν in such a way that Sν ∝ να.
Assuming α = −1 for jets, we obtained PAGN+jets =
(20.4 ± 0.1) × 1024 W Hz−1. We compare this result
with the X-ray results in Section 7.2.
5.2. Characterization of the mini-halo
A radio mini-halo is a faint radio emission that has a
characteristic size of 50 to 300 kpc found at the center
of cool core clusters. Richard-Laferrie`re et al. (submit-
ted) already presented an initial analysis of the radio
mini-halo of MACS J1447.4+0827, but here, we focus
on characterizing its radio properties compared to the
X-ray properties of the cluster.
The size and the flux of the mini-halo was calculated
using the 4σrms contours of the C-configuration observa-
tions, since it contains 99% of the mini-halo’s flux. The
size can be found in Table 4. The tool imstat in CASA
was used to extract the flux and we used σcal ∼ 1%
(since 99% of the mini-halo’s flux is inside of the ex-
traction region), rms = 0.015 mJy/beam and σsub = 0
(there are no point sources) to estimate the error on the
flux. However, the C-configuration contains the mini-
halo’s flux, but also the AGN’s and its jets: we thus
obtained the mini-halo’s flux SMH by subtracting the A-
configuration flux (SAGN+jets) from the C-configuration
flux (SC) (see Table 4 for the values).
The mini-halo spectral index map of the configura-
tion C at 1.4 GHz was calculated using the tool clean:
it uses parameters that can model the frequency depen-
dence across the bandwidth using the two first terms of
the Taylor’s series. The spectral map was obtained by
dividing the image associated to the second term (image
tt1 ) by the image associated to the first term (image tt0 ;
total intensity of the 1.4 GHz image). Note that we only
considered pixels detected at greater than 4σrms. Tak-
ing the maximum value of an histogram of the spectral
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indexes of the map within a radius of ∼ RMH, we find
α ∼ −1.2 for the mini-halo. The power of the mini-halo
was calculated with the eq. 5 from the previous section
and we obtained PMH = (3.0±0.3) × 1024 W Hz−1. We
further discuss these results in Section 7.4.
Table 4 presents a summary of the radio properties of
MACS J1447.4+0827.
Table 4. Radio properties in the L band (1.4 GHz).
Values
Rjets ∼ 32 kpc
RMH ∼ 160 kpc
SAGN+jets (39.4 ± 0.2) mJy
SMH (5.7 ± 0.5) mJy
αMH ∼ −1.2
PAGN+jets (19.1 ± 0.1) × 1024 W Hz−1
PMH (3.0 ± 0.3) × 1024 W Hz−1
6. THE CENTRAL AGN
6.1. Radiative properties of the central AGN
Using the Chandra 3 – 8 keV image, we found ev-
idence of a central point source whose position coin-
cides with the brightest pixels of the HST image (RA =
14h47m26.022s, DEC = +8◦28′25.26′′) in the BCG: this
emission is characteristic of an AGN. Taking a circular
region with a radius of 1′′ around the X-ray brightest
pixel in the hard 3 – 8 keV image, we compared the
total number of counts to the 3σ upper limit of the
surrounding background. We defined the surrounding
background as an annular region of 3′′ of inner radius
and of 5′′ of outer radius. We calculated the number of
counts, added 3σ and scaled it to the number of counts
expected for a small region of radius 1′′. The total num-
ber of counts of the 1′′ region is above the 3σ upperlimit
of the surrounding background, so the presence of an
AGN is photometrically confirmed.
We furthermore calculated the hardness ratio defined
as H−SH+S , where H is the number of counts in the hard
X-rays and S is the number of counts in the soft X-rays
for a common region (Wang et al. 2004; Jin et al. 2006;
Klesman & Sarajedini 2012). Taking the 0.5 – 2 keV and
2 – 8 keV images, we obtained a hardness ratio of = -0.25
± 0.04 for the 1′′ central region and a hardness ratio of
-0.38 ± 0.01 for the 3′′ × 5′′ surrounding background.
We note that the hardness ratio of the central region
is 3σ above the surrounding background. We therefore
confirm the presence of an X-ray detected AGN in the
BCG of MACS J1447.4+0827. We calculated the AGN’s
luminosity by first fitting the spectra of an annular 3
– 5′′ region to phabs*apec. We then extrapoled the
temperature to the central 1′′ region using the relation
T ∝ rb (b ∼ 0.3; Voigt & Fabian 2004) and fitted a
model phabs*(powerlaw+apec) to the region within r =
1′′. Note that we fixed the abundance of the thermal gas
and we fixed the photon index to Γ = 1.9. We obtained
an unabsorbed X-ray luminosity of LAGN = 2.1 ± 0.2
×1043 erg s−1 between 2 – 10 keV. We discuss the results
in Section 7.5.
6.2. Radio spectral energy distribution
In Fig. 10, we computed the spectral energy distri-
bution (SED) of the cluster using the radio flux den-
sity measurements for the BCG in MACS J1447.4+0827
from our own analysis (see Section 5.1) and from a pri-
vate communication with Alastair C. Edge. We also
plotted the mini-halo’s flux (see Table 4). Hogan et al.
(2015) found out that the radio SED can be decom-
posed into two major components: an active, typically
flat spectrum component attributed to the AGN activity
(α > −0.5), and a steeper component that includes all of
the others emissions (α < −0.5). We therefore plotted a
line for α = −0.5 for the 3 points on the right and a line
for α = −0.96 (average steeper spectrum emission) for
the point on the left. The claimed mini-halo’s flux in Ta-
ble 4 is consistent with the TGSS point. In fact, at low
frequency, we see the past emission (or the jets). Accord-
ing to the flux equation, when the frequency decreases,
the flux increases for old synchrotron emission. Con-
sequently, the signal from the TGSS point comes from
the past emission and not from the core. Also, MWA
GLEAM upper limits are consistent with the α = −0.96
line, but data from MWA or LOFAR could allow us to
go deeper.
6.3. Power of the X-ray cavities
Here, we characterize the two X-ray cavities found in
Fig. 5 that coincide with the jetted outflows detected at
radio wavelengths. If we assume that the cavities are in
pressure equilibrium with the surrounding medium (e.g.
Birzan et al. 2004), we can estimate the total energy
contained in them with the following equation:
Ecavity =
γ
γ − 1pV, (6)
where γ is the heat capacity ratio, p the thermal pres-
sure and V the volume of the cavity. For a relativistic
fluid, γ = 4/3 (Nulsen & McNamara 2013) and therefore
Ecavity = 4pV .
We can approximate the volume of the cavity as V =
4piR2wRl/3 assuming that they are ellipsoids. Rw and Rl
are respectively defined as the projected semi-major axis
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Table 5. X-ray cavity properties in MACS J1447.4+0827. The radii values indicate the minimum and maxium values from the
X-ray images. Same for Pcav tot.
Cavity Rw Rl Rdist tsound Pcavmin Pcavmax Pcav tot
[kpc] [kpc] [kpc] [107 yrs] [1044 erg s−1] [1044 erg s−1] [1044 erg s−1]
Northern [3.5; 4.2] [5.0; 18.1] 9.0 0.9 ± 0.1 2.5 ± 0.4 6.3 ± 1.1 Pcav tot = [2.9 ± 0.4; 8.4 ± 1.1]
Southern [3.2; 3.9] [4.1; 14.7] 21.9 2.7 ± 0.2 0.40 ± 0.05 2.1 ± 0.3 Pcav totmean = 5.7 ± 0.5
Figure 10. Radio spectral energy distribution (SED) of the
BCG using data from TGSS, VLBA and ATCA for frequen-
cies different from 1.4 GHz (private communication with A.
C. Edge). The flux of the mini-halo (see Tab. 4) is also plot-
ted. The dash-dotted black line indicates α = −0.5 (fitting a
power law using the 3 green dots on the right) and the plain
black line indicates α = −0.96 (fitting a power law using the
green dot on the left and the red dot).
perpendicular and parallel to the radio jet axis and have
been measured directly based on Fig. 5. Note that we
assign a 20 per cent uncertainty to Rw and Rl given the
limited resolution of the X-ray data and because they
are not deep enough to detect more clearly the cavities.
There are three different methods for computing the
time scale associated with cavities: the buoyant rise time
(Churazov et al. 2001), the refill time (McNamara et al.
2000) and the sound crossing time defined as:
tsound =
R
cs
, (7)
where cs the sound crossing time of the gas (cs =√
γkT/µmH). It remains unclear which one is the
best estimation, but since they do not vary significantly
from one another, we computed the cavity powers as
4pV/tsound. Table 5 presents the results and we further
discuss the consequences in Section 7.2.
7. DISCUSSION
7.1. The strongest cool core clusters
We have conducted an X-ray (Chandra), radio
(JVLA) and optical (HST) analysis of the massive
cluster MACS J1447.4+0827. It is a strong cool core
and X-ray luminous cluster. Its total mass, within a
radius where the mean density is equal to 500 times
the critical density at z = 0.3755, is estimated to be
M500 = (7.46
+0.80
−0.86) × 1014 M (Planck Collaboration
et al. 2015).
In Fig. 11, we compare the 0.1 – 2.4 keV X-ray lu-
minosity of MACS J1447.4+0827 to other known clus-
ters of galaxies with similar redshifts. This plot includes
clusters from the MAssive Cluster Survey (MACS; Ebel-
ing et al. 2007, 2010), the South Pole Telescope survey
(Bulbul et al. 2019) and the Planck survey (Planck Col-
laboration et al. 2011). MACS J1447.4+0827 is one of
the most X-ray luminous clusters known in the litera-
ture.
Figure 11. X-ray luminosities in the 0.1 – 2.4 keV energy
range for a sample of clusters from the SPT (red circles;
Bulbul et al. 2019), MACS (green diamonds; Ebeling et al.
2007, 2010) and Planck (blue squares; Planck Collaboration
et al. 2011) surveys. MACS J1447.4+0827 (yellow star) and
Phoenix (pink triangle) are labelled. We note that MACS
J1447.4+0827 is one of the X-ray brightest.
Furthermore, in Fig. 12, we compare MACS
J1447.4+0827 to other strong cool core clusters. Here,
we plot the cooling luminosity of several known cool
core clusters as a function of redshift. Most of these
data were taken from Hlavacek-Larrondo et al. (2013a).
While Fig. 12 is not complete, we note that MACS
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J1447.4+0827 is one of the strongest cool core clusters
around z ≈ 0.3.
Figure 12. Cooling luminosities in the 0.1 – 2.4 keV energy
range for a sample of strong cool core clusters from Hlavacek-
Larrondo et al. (2013b). MACS J1447.4+0827 (black star)
and Phoenix (pink star) are labelled.
Several authors have also noted that strong cool core
clusters often host a prominent abundance peak that
coincides with the cool core (e.g. Ghizzardi et al.
2010; De Grandi et al. 2014). Such peaks are thought
to originate from metals being created by stellar pro-
cesses in the central galaxy and have even been observed
in high-redshift clusters (e.g. WARPS J1415.1+3612,
De Grandi et al. 2014). However, as we can see on
the up-right panel of Fig. 7, the abundance profile of
MACS J1447.4+0827 does not have a pronounced peak.
The abundance profile shown in Fig. 7 further shows
that the metallicity varies substantially region to region.
This could be explained by recent sloshing motions that
disturb the metal distribution close to the BCG. In fact,
when the gas sloshes back and forth in the gravitational
potential, it creates temperature and abundance discon-
tinuities (e.g. Simionescu et al. 2010). In Abell 3526
(z = 0.01140), Sanders et al. (2016) showed that the
sloshing motion can distort and induce asymmetries in
the metal distribution across the BCG. Although MACS
J1447.4+0827 has a much higher redshift than Abell
3526, we also observed a non-uniform metal distribu-
tion in the abundance profile in Fig. 7. The metal dis-
tribution may trace the history of the gas motions and
provide relevant information about the sloshing mecha-
nisms (e.g. Simionescu et al. 2010).
7.2. Relativistic outflows and X-ray cavities
In Hlavacek-Larrondo et al. (2012a), the authors ana-
lyzed Chandra X-ray observations of 76 MACS clusters
and found that 20 showed evidence of X-ray cavities.
MACS J1447.4+0827 was found to host one potential
X-ray cavity, although with the limited X-ray observa-
tions at the time (≈ 10 ks), the authors were not able
to study the properties of the cavity in detail.
Here, using new deep Chandra observations, as well as
new JVLA observations, we find clear evidence of two
collimated jetted outflows, one of which coincides with
the X-ray cavity detected by Hlavacek-Larrondo et al.
(2012a). The two X-ray cavities are located symmetri-
cally to the north and south of the central galaxy. They
both have a radius of ≈ 16 kpc, although they have an
elliptical and not circular morphology. Interestingly, the
jetted outflows are clearly detected at radio wavelength,
but they are only detected at a ∼ 2σ level compared
to the surrounding X-ray background, which is not the
case for other known cavities at similar redshifts.
In Kolokythas et al. (2018), the authors compared the
X-ray cavity power Pcav to the radio power of the central
AGN at 235 MHz and found that the two quantities are
correlated to each other. In MACS J1447.4+0827, we
found that Pcav ∼ 6 × 1044 erg s−1 and PAGN+jets =
(20.4 ± 0.1) × 1024 W Hz−1. By converting our radio
power at 1.4 GHz to 235 MHz assuming α ≈ −1, we find
that MACS J1447.4+0827 falls directly on the relations
found by Birzan et al. (2008) and O’Sullivan et al. (2011)
(see Fig. 7 of Kolokythas et al. (2018)), implying that
the radio powers and X-ray cavity powers in this cluster
are consistent with those detected in other systems.
In Fig. 13, we compare the total mechanical power of
X-ray cavities to the cooling luminosity of various sam-
ples of clusters. Here, the figure has been adapted from
Hlavacek-Larrondo et al. (2015) and the data taken from
Rafferty et al. (2006), Dunn & Fabian (2008), Nulsen
et al. (2009) and Hlavacek-Larrondo et al. (2012b, 2015).
The total mechanical power of the X-ray cavities in
MACS J1447.4+0827 seems to be lower than the cool-
ing luminosity by a factor of ∼ 8. As we see on the
Fig. 13, MACS J1447.4+0827 appears to be closer to
the Ecav = 16pV line than the Ecav = 4pV line. This
could mean that MACS J1447.4+0827 is in a phase of
lower AGN power: depending on the different cycles of
AGN feedback, the power of the X-ray cavities can vary,
although on average the power is sufficient to suppress
cooling of the hot atmosphere. However, considering the
(large) uncertainties in X-ray cavity powers, the scatter
in Fig. 13 and the fact that MACS J1447.4+0827 falls
within this scatter, AGN feedback can easily be strong
enough to offset cooling in this cluster. AGN feedback
therefore seems to be, at the very least, present in the
strongest cool core clusters at z = 0.3 and may still pro-
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Figure 13. Total mechanical power (Pcav) of the X-ray
cavities as a function of the cooling luminosity (Lcool) at
7.7 Gyrs. Data from Rafferty et al. (2006) is indicated as
blue diamonds, data from Dunn & Fabian (2008) as green
squares, data from Nulsen et al. (2009) as red circles, data
from Hlavacek-Larrondo et al. (2012b) as green stars and
data from Hlavacek-Larrondo et al. (2015) as purple trian-
gles. MACS J1447.4+0827 (yellow star) and Phoenix (pink
triangle; McDonald et al. 2019) are labelled. Dashed black
lines denote Pcav = Lcool for Ecav = pV, 4pV and 16pV . Fig-
ure adapted from Hlavacek-Larrondo et al. (2015).
vide a viable solution to the cooling flow problem even
at these redshifts.
On the right panel of Fig. 5, we also note that the di-
rection of the outflows matches the location of the north-
ern cavity, but not exactly the southern cavity. To high-
light this better, we present the combined HST F814W
(red), F606W (green) and double-β subtracted Chan-
dra (blue) images of MACS J1447.4+0827 in Fig. 14, in
which we indicated the direction of the radio outflows
(green arrows) and prominent optical filaments (red ar-
rows), as well as the approximate location of the X-
ray cavities (white ellipses) and ghost cavities (yellow
ellipses) as seen in the unsharp-masked and double-β
subtracted Chandra images. Note that the filaments
and ghost cavities are discussed in the subsequent sec-
tion. The shift between the south-oriented outflow and
the southern cavity is interesting and may be explained
by the dynamic nature of the cluster, although deeper
observations are needed to better understand this sce-
nario.
There are a number of lines of evidence for the pres-
ence of sloshing motions in MACS J1447.4+0827. The
temperature profile (Fig. 7), the plume-like structure
(Fig. 2), the optical filaments (Fig. 4) and the promi-
nent ellipticity of the cluster all point to a past merger
event. However, as we do not detect another X-ray peak,
we suspect that it was a relatively minor merger event.
This merger event and the sloshing it generates could
therefore induce a shift between the cool core and the
BCG (Hamer et al. 2012).
Figure 14. Combined HST F814W (red), F606W (green)
and double-β subtracted Chandra (blue) images of MACS
J1447.4+0827. The green arrows show the direction of jet-
ted outflows based on the JVLA data, and the red arrows
show the prominent filaments based on the HST data. The
approximate location of the northern and southern cavities
are indicated, as well as the approximate location of the po-
tential ghost cavities based on Fig. 5.
7.3. Optical filaments, ghost cavities and the plume
In Section 3, we introduced the possibility of the pres-
ence of ghost cavities, consisting of cavities that have
been dragged out of the AGN’s area to larger radii.
This type of cavity have been seen in other clusters at
lower redshifts (e.g. Abell 2052, Blanton et al. 2009;
Abell 2597, McNamara et al. 2001; Fornax, Su et al.
2017; Abell 1795, Walker et al. 2014; Perseus, Hitomi
Collaboration et al. 2018), but also at higher redshifts
(e.g. Pheonix, McDonald et al. 2015; RX J1532.9+3021,
Hlavacek-Larrondo et al. 2013b).
In Fig. 14, we note that the prominent optical fila-
ments of the cluster are oriented towards the potential
ghost cavities. Optical filaments are thought to be cre-
ated from thermally unstable ICM gas (e.g. McCourt
et al. 2012; Sharma et al. 2012; Gaspari et al. 2013b;
Li & Bryan 2014a,b) that originates, in part, from the
pushing-back motions created by the formation of X-
ray cavities (e.g. McNamara et al. 2016; Hogan et al.
2017; Prasad et al. 2017; Voit et al. 2017; Gaspari et al.
2018). Therefore, filaments could have been created
in the wake of the cavities (e.g. Hlavacek-Larrondo
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et al. 2013b), and thus the observed optical filaments
in MACS J1447.4+0827 could be created in the wake of
the ghost cavities seen to the west. These X-ray cav-
ities could have been pushed back by sloshing motions
towards the western side of the cluster, implying that X-
ray cavities do not just rise buoyantly, but that there are
also constantly affected by the dynamics of the X-ray gas
in the cluster. Due to the evidence of sloshing motions
mentioned before, the bulk of the ICM may have moved
to the west, which may have caused a shift between the
jets and part of the southern X-ray cavity. Such dy-
namic motions of the cluster may also have shifted the
position of the ghost cavities in the same direction.
In Section 4.3, we characterized the X-ray plume-like
structure. We found out that the plume was colder than
the environment. The origin of this type of structure
is still unsure, but has been observed in many clusters
(e.g. Abell 3526, Sanders & Fabian 2002; Crawford et al.
2005; Walker et al. 2015; RX J1532.9+3021, Hlavacek-
Larrondo et al. 2013b; merging Abell 2146, Russell et al.
2012). The plume would come from the gas from the re-
gions in the BCG: the gas would have been first driven
out by the cavities, before falling back to the BCG (e.g.
Walker et al. 2015). In their study of the optical fila-
ments in NCG 1275, Fabian et al. (2011) proposed that
the gas in the plume is excited by the ICM gas. While
cooling, the hot gas from the ICM penetrates the op-
tical cold filaments through the reconnection diffusion
process which allows the hot gas to enter the cold gas
despite the magnetic field that holds the filaments. By
crossing it, the gas of the ICM transfers energy to the
filaments and would allow its excitation.
7.4. Radio mini-halo
There are now over 30 radio mini-halos that have been
discovered (see Giacintucci et al. 2019 and Richard-
Laferrie`re et al. submitted). The mini-halo of MACS
J1447.4+0827 was presented and analyzed in detail in
Richard-Laferrie`re et al. (submitted). The mini-halo’s
power was plotted as a function of the 0.01 – 50 keV
X-ray luminosity and compared to other mini-halos in
cool core clusters. It was found out that the mini-halo
in MACS J1447.4+0827 follows this correlation but is
one of the most radio powerful known to date.
The exact origin of mini-halos is still unknown. Like
jetted outflows, their radiation is due to synchrotron
emission by relativistic particles in the cluster’s mag-
netic field. However, the radiative lifetime of the parti-
cles is too short to spread over the observed mini-halo’s
radius. This implies that the particles of mini-halos
come from the re-acceleration of relativistic particles or
are produced in-situ (van Weeren et al. 2019). For the
latter, mini-halos could come from the proton-proton in-
teraction between the cosmic rays and the ICM (Pfrom-
mer & Enlin 2004; Fujita et al. 2007; Zandanel et al.
2014). For the former, it has been proposed that turbu-
lence in the ICM could be the source of re-acceleration.
It was suggested that this turbulence could either be
caused by the dynamics of the jets (e.g. Bravi et al.
2016; Richard-Laferrie`re et al. submitted) or by slosh-
ing motions of the ICM via minor mergers (Mazzotta &
Giacintucci 2008; ZuHone et al. 2013; Giacintucci et al.
2014). This kind of motion leaves traces: cold fronts,
which are discontinuities of temperature and density
that appear to bound the mini-halos (e.g. Markevitch
et al. 2001; Mazzotta et al. 2001, 2003; Markevitch &
Vikhlinin 2007; Owers et al. 2009; Ghizzardi et al. 2010).
In MACS J1447.4+0827, we find evidence of 2 cold
fronts (see up-left panel of Fig. 7) located at a ra-
dius of ∼ 50 kpc and ∼ 300 kpc. The mini-halo in
MACS J1447.4+0827 therefore appears to be bounded
by the cold fronts, since RMH ∼ 160 kpc. However,
Richard-Laferrie`re et al. (submitted) recently found evi-
dence that mini-halos are directly connected to the AGN
feedback processes of the BCG. In this work, the power
of the mini-halo was plotted as a function of the BCG
steep radio power at 1 GHz, the BCG core radio power
at 10 GHz and the total power of the X-ray cavities. In
all cases, the mini-halo of MACS J1447.4+0827 agrees
with the correlations, indicating that the mini-halo in
this cluster could also be connected at a fundamental
level with its feedback processes.
7.5. Power mechanisms in the central AGN
In order to further understand the feedback mecha-
nisms occurring in the central AGN of MACS J1447.4+0827,
we computed its Eddington luminosity, the black hole’s
mean accretion rate and the Eddington rate.
The Eddington luminosity is defined as the limiting
luminosity where the radiation pressure is in equilibrium
with the local gravity of the accreting material. For a
fully ionized plasma, the Eddington luminosity is given
by the following equation:
LEdd
erg s−1
= 1.26× 1047
(
MBH
109M
)
, (8)
where MBH is the SMBH mass. Since there are no
mass estimates of the black hole available in the liter-
ature, we assumed a mass of between 9 and 10 × 109
M for MACS J1447.4+0827, which is the typical mass
expected for such a massive cluster and central galaxy.
The mean accretion rate scaled by the Eddington rate
can be expressed as:
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M˙
M˙Edd
=
(Pcav + Lbol)
LEdd
, (9)
where Lbol is the bolometric luminosity. Here, we used
a typical bolometric correction of 5 for low luminosity
sources on the 2 – 10 keV X-ray luminosity of the central
AGN (see Section 6.1 for the value), following in Russell
et al. (2013).
Fig. 15 presents the cavity power (blue circles) and
the radiative power (red triangles) scaled by the Edding-
ton luminosity as a function of the required mean accre-
tion rate scaled by the Eddington rate (M˙/M˙Edd). The
open symbols indicates the upperlimits. The figure was
adapted from Russell et al. (2013) (Fig. 12) and Chu-
razov et al. (2005) (Fig. 1). We plotted the location of
MACS J1447.4+0827 (see star symbols), similarly with
the cavity power in blue and radiative power and red.
Figure 15. The cavity power (blue circles) and the radia-
tive power (red triangles) scaled by the Eddington luminosity
as a function of the required mean accretion rate scaled by
the Eddington rate (M˙/M˙Edd). The open symbols indicates
the upperlimits, which are on the X-ray luminosity. Figure
adapted from Russell et al. (2013). There are two points for
each source. MACS J1447.4+0827 is labelled as star sym-
bols.
At low accretion rates, it is the jetted outflow mode
that is dominant rather than the radiative (e.g. Chu-
razov et al. 2005; Russell et al. 2013). Indeed, Fig. 15
shows that for M˙/M˙Edd . 3 × 10−2, the outflow mode
is dominating over the radiative mode. Since MACS
J1447.4+0827 is not in the quasar phase, the outflow
mode is dominating over the radiative mode by a factor
of ∼ 10.
The radiative mode would act mainly in the young
AGNs (z & 1) when they are in the quasar stage and the
accretion rate of the black hole is high (e.g. Churazov
et al. 2005; Hopkins et al. 2006). We find that our object
is perfectly consistent with the low-accretion mode, even
though it is located at z > 0.3. We can therefore affirm
that this feedback mode has been in place several Giga-
years ago in MACS J1447.4+0827. It is also happening
in many other clusters (e.g. Hlavacek-Larrondo et al.
2012b, 2015).
8. SUMMARY AND CONCLUSIONS
In this work, we have presented the first detailed and
multiwavelength analysis of one of the strongest cool
core cluster known, MACS J1447.4+0827 (z = 0.3755)
using data from the Hubble Space Telescope, and new
data from the Chandra X-ray Observatory and the Karl
G. Janksy Very Large Array. Our relevant findings are
summarized as follows:
• MACS J1447.4+0827, with its 0.01 – 50 keV X-ray
luminosity of LX = (5.31 ± 0.02) × 1045 erg s−1,
is one of the most luminous clusters at z < 0.7.
• We detected a northern and southern X-ray cav-
ity as well as two potential ghost cavities. The
A-configuration JVLA observations reveals south-
north oriented jetted outflows extending to ∼ 32
kpc in length and coincident with the X-ray cav-
ities. Their total mechanical power is Pcav ≈
6× 1044 erg s−1.
• We calculated the cooling luminosity of Lcool =
(1.71±0.01)×1045 erg s−1. This cooling luminosity
indicates that MACS J1447.4+0827 is one of the
strongest cool core clusters around z < 0.7. We
found that the total mechanical power of the X-
ray cavities was generally consistent with power
required to offset the cooling of the ICM. MACS
J1447.4+0827 might currently be going through a
phase of lower activity, but not to the point to lead
to a catastrophic cooling of the core.
• The HST images reveal an elliptic BCG in the cen-
tre of MACS J1447.4+0827 as well as large Hα fil-
aments whose directions match the location of the
potential ghost cavities. Part of these filaments
also match the position of a cool X-ray plume.
• The B- and C-configuration JVLA observations
reveal a diffuse radio structure extending to ∼ 160
kpc in size interpreted as a mini-halo. The total
radio power is P1.4GHz = (3.0±0.3)×1024 W Hz−1.
It is one of the most powerful mini-halos found.
While this study clearly shows that powerful mechan-
ical feedback is occurring in the strongest cool core clus-
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ters, new and/or deeper observations in other wave-
lengths such as submillimiter, infrared, optical and ul-
traviolet – with the Multi Unit Spectroscopic Explorer
(MUSE) – could provide more information concerning
the star formation rate, the quantity and location of
molecular gas in the BCG and would allow to better
understand the multiphase gas in extreme cool core clus-
ters.
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